1 3 8 iron binding regulator) mutant have revealed that it regulates iron homeostasis in response to 1 3 9 changing iron availability in environment (Pandey, Patnana et al. 2016) . In addition to these,
Xanthomonas species is known to produce extracellular polysaccharide (EPS) via gum gene 1 4 1 cluster, whose mutants have been largely studied for effects on virulence (Chou, Chou et al. 1997, Katzen, Ferreiro et al. 1998, Dharmapuri and Sonti 1999) . Also, xanthomonadin, a Xanthomonas strains from the same host can help in identifying the functions acquired, lost 1 4 8 or modified during adaptation to a particular lifestyle by a bacterial strain. As the genome of 1 4 9 a successful pathogen is shaped by genetic, ecological and evolutionary factors, this 1 5 0 comparative study may give a clearer picture of the evolution of bacterial pathogenesis on 1 5 1 rice in particular and plants in general. Such a study can also help in developing newer 1 5 2 methods of disease control and putative genomic markers for proper diagnosis/identification. For the present study, strains known to be non-pathogenic towards rice i.e. African strain 1 7 2 strain (BLS256). In-house whole genome sequencing and assembly 1 7 4 Whole genome sequencing of five non-pathogenic isolates was carried out on an in-house 1 7 5
Illumina MiSeq platform. The high quality de novo assembly of the Illumina reads resulted in 1 7 6 genomes with coverage ranging from 155x to 202x and with N50 values of 50.7 kb to 77.5 kb 1 7 7 (table 1). The genome size for all the NPX strains was found to be approximately 5 Mb, which is similar to the pathogenic Xanthomonas genus, suggesting no large-scale reductive 1 7 9 evolution in these non-pathogenic strains. Phylogenomics clearly depicted that all the rice associated non-pathogenic strains (except X. 1 8 2 maliensis) clubbed with the X. sontii forming the major lineage ML-I (figure 1). Eventhough, 1 8 3 X. sacchari R1 was classified as X. sacchari, but in our analysis, it clubbed with ML-I i.e. X. 1 8 4 sontii and not with X. sacchari CFBP4641 (T). All pathogenic strains (X. oryzae) formed 1 8 5 another major lineage ML-II. Peculiarly, X. maliensis being a non-pathogenic strain, was Stenotrophomonas maltophilia ATCC13637 (T) was used as an outgroup. Further, since one 1 8 8 of the strains among the NPX (X. sacchari R1) was classified in X. sacchari, type strains of 1 8 9 X. sacchari and its closest relative X. albilineans were also included in the analysis (López, To explicitly assess taxonomic status of ML-I and X. maliensis strains, we used orthoANI 1 9 3 values, to define species status (figure 2). The type strains of X. sontii, X. sacchari and X. albilineans were also included in this analysis. OrthoANI uses species delineation cut off of 1 9 5 96% similarity (Richter and Rosselló-Móra 2009). All ML-I isolates were having ANI values 1 9 6 >96.2% with X. sontii and that of around 93% with X. sacchari CFBP4641 (T) and around 1 9 7 83% with X. albilineans CFBP2523 (T). Hence, they belong to X. sontii, here also, even X. sacchari R1 was found to belong to X. sontii, depicting its misclassification. Further, the 1 9 9 variant X. maliensisis strain is already reported as a distinct species (Triplett, Verdier et al. 2015). Thus it can be concluded that, all of the rice associated strains were not belonging to 2 0 1 X. oryzae. They belong to three different species i.e. X. sontii (ML-I), X. oryzae (ML-II) and Since, X. maliensis was found to be more related to pathogenic isolates and not to non-2 0 4 pathogenic, this will be excluded from downstream analysis to remove the biasness. Hence, 2 0 5 only major lineage strains (ML-I corresponding to X. sontii and ML-II corresponding to X. their impact on the major lineages, we carried out ClonalFrameML analysis. Interestingly, the 2 1 0 output suggests that recombinational events are not very frequent amongst these clades of 2 1 1 Xanthomonas strains. There is occurrence of around 5 and 12 mutational events for each 2 1 2 recombinational event in X. sontii and X. oryzae respectively. However, even though there is 2 1 3 low occurrence of recombination, it has more impact (r/m = 1.233) towards the evolution of 2 1 4 strains in X. sontii. But, this scenario is not seen in the pathogenic strains, where the impact 2 1 5 of recombination is only half that of mutation (r/m = 0.54). To evaluate the gene-content wise relatedness of strains under study, we focused on their core consideration, core increased (1291) and pan decreased (14231). Core and pan values were 2 2 2 (1314, 13385) for X. sontii and X. oryzae strains taken together. Here, core values increased 2 2 3
and pan values decreased dramatically, when X. sontii and X. oryzae strains were considered 2 2 4 separately (2224, 6766; 2686, 9415) . Interestingly, when X. maliensis was included in X. sontii, the core decreased and pan increased (1626, 8357), whereas inclusion of X. maliensis 2 2 6 did not have such an effect on X. oryzae (2391, 10601). Pangenome analysis also emphasized 2 2 7 that although a non-pathogenic isolate, X. maliensis is more related to X. oryzae.
Whether differences in lifestyles of the bacterial isolates are also reflected in the gene 2 2 9 content? To address this, unique genes among different lifestyle bacteria were inspected 2 3 0 manually. Unique genes to X. sontii were 686 (unique ML-I) and to X. oryzae were 583 2 3 1 (unique ML-II). Interestingly, X. sontii unique genes were having average GC content of 86% 2 3 2 (with all genes from >67% GC) and X. oryzae unique genes GC content was 42% (with genes 2 3 3 from both <61% and >67% GC). Whereas, typical GC content for Xanthomonas is within 2 3 4 64.5% ±2.5% range. Further, functional analysis of these genes was carried out. Among 25 2 3 5 COG classes, our data was represented in 17 classes while approx. 50% were having 2 3 6 unknown function or hypothetical proteins (figure 4). Overall, genes related to metabolism 2 3 7 (such as carbohydrate, lipid, inorganic ion and secondary metabolites metabolism 2 3 8 biosynthesis and transport) and information storage and processing such as transcription were 2 3 9 more in non-pathogenic as compared to pathogenic. While, genes unique to the pathogenic 2 4 0 pool were more of cell wall/membrane/envelope biogenesis, motility related or intracellular 2 4 1 trafficking, secretion and vesicular transport related genes. Whereas, genes related to amino 2 4 2 acid and nucleotide transport and metabolism; replication, recombination and repair etc. were 2 4 3 comparable among both the pathogenic and non-pathogenic strains.
4 4
Further inspection into the pangenome results were carried out by looking for the annotation 2 4 5 of the genes unique to different sets of strains described above. Interestingly, unique X. biosynthesis cluster (pgaABCD) is absent from X. sontii but is present in X. oryzae strains. Further, this was also confirmed experimentally by biofilm analysis (figure 5), X. oryzae 2 5 0 BXO1 and X. oryzae pv. oryzicola displayed higher biofilm forming abilities than X. sontii 2 5 1 strains. However, X. maliensis was found to display biofilm forming capability, which was 2 5 2 later confirmed by genomic analysis, reaffirming its relatedness to X. oryzae and not to X. Xanthomonas is a model phytopathogen and numerous genetic studies have identified major 2 5 6 pathogenicity related gene(s) and gene cluster(s) (Büttner and Bonas 2010). We proceeded to 2 5 7 examine the status of various well known Xanthomonas pathogenicity genes and gene 2 5 8 clusters (supplementary table 1) amongst the three Xanthomonas species associated with rice. First, we focused on all the protein secretion systems, effectors produced by them and their Genome based studies are allowing researchers to obtain detailed and comprehensive insights analysis that large number of rice associated Xanthomonas strains formed two distinct major 3 0 5 lineages (X. sontii, ML-I and X. oryzae, ML-II) associated with diverse lifestyles suggesting 3 0 6 parallel evolution. This analysis also indicates that the non-pathogenic strains are not random 3 0 7 associations with rice and they represent genuine adaptations of Xanthomonas to a non-3 0 8 pathogenic lifestyle on this host. In addition to these two rice associated species, X. maliensis 3 0 9
is more related to pathogenic lineage (ML-II) eventhough its reported to have non-pathogenic 3 1 0
lifestyle. This points out that this species has emerged independently to that of the X. sontii in 3 1 1 close association with rice plant. The phylogenomic tree suggests that X. sontii and X. oryzae GC content of unique gene to the lineages were only in higher range (>67%) for X. sontii 3 2 0 whereas, in both high and low ranges (<62% and >67%) for the pathogenic ones. This clearly 3 2 1 depicts diverse sources and independent acquisition of unique genes and hence, supports strains of the X. oryzae and absent from X. sontii, suggesting importance of its function on with pathogenic life-style and also the potential to target them in management of pathogenic
Xanthomonas is a model bacterial pathogen to understand molecular aspects of host-pathogen present in all X. oryzae strains and even in X. maliensis as well, but are not present in X. On the other hand, among the two T2SS (xps and xcs), X. sontii and all the X. oryzae isolates under study, though with differential repertoires. Conservation of T2SS and most of the present in X. oryzae except for X. oryzae pv. oryzicola) and cel9A (exclusively present in X. sontii and X. maliensis) genes encoding cellobiosidase and cellulose respectively suggesting 3 5 7 their specific acquisition. In an earlier study, cellobiosidase gene is reported to be a major 3 5 8 virulence factor (Jha, Rajeshwari et al. 2007 ).
5 9
Apart from protein secretion systems, adhesion to the host is the most crucial step for bacteria 3 6 0 irrespective of the lifestyle followed. However, redundancy is reported in this case as well 3 6 1 and mutations in majority of these genes do not completely abolish virulence (Das, Rangaraj Xanthomonas due to deficiency in leaf attachment and entry (Das, Rangaraj et al. 2009 ). In 3 6 4 the present study, exclusive presence of yapH in X. oryzae suggests its importance in pathway, siderophore biosynthetic gene clusters, iron uptake genes and regulatory genes indicates that strategies once suitable for adaptation which have been hijacked or exploited by 3 7 5 pathogenic counterparts but are being lost from the non-pathogenic counterparts. Hence, such 3 7 6 plant adaptation genes which are now evolved to be virulence genes can be important candidates for genetic studies of pathogenic isolates of rice. It is interesting to note that X. maliensis is a non-pathogenic strain lacking T3SS and its 3 7 9
effectors, but on the other hand, it contains a T6SS, biofilm formation cluster (pgaABCD) and with the pathogenic strains. Furthermore, it is found to be phylogenomically more related to understanding of the mechanisms of adaptation of the genus Xanthomonas on plants. Although the genus Xanthomonas has evolved as highly successful plant pathogens, this 3 9 2 study highlights the scope and possibilities for detailed comparatives studies on both 3 9 3 pathogenic and non-pathogenic Xanthomonas strains that are associated with a particular 3 9 4 plant. A small core genome shared amongst all rice associated Xanthomonas strains and non-3 9 5 uniformity of various horizontally acquired gene clusters suggest a non-recent divergence of 3 9 6 these lineages and occurrence of various events of gene gain and gene loss amongst these rice 3 9 7 associated bacteria. Interestingly the study has revealed many well characterized gene 3 9 8 clusters that are common to both life-styles which are indicative of a role for these functions in plant adaptation. Moreover, the study has revealed many novel and interesting gene(s) that 4 0 0 are unique to each of the groups. These can be promising material for researchers engaged in Phylogenomic analysis based on more than 400 putative conserved genes was constructed López, M. M., et al. (2018) . "Xanthomonas prunicola sp. nov., a novel pathogen that affects Evolutionary Microbiology. Lu, H., et al. (2008) . "Acquisition and evolution of plant pathogenesis-associated gene 5 9 8 clusters and candidate determinants of tissue-specificity in Xanthomonas." PLoS One 3(11): represented in green, yellow and red boxes. oryzae (in red box), X. sontii (in green box) and X. maliensis (in yellow box). Different colors
